Abstract-This paper describes two general methods: field map processing and NMR lineshape analysis, that we are currently using for the on-going research of field improvement techniques specifically applied to our 700 MHz LTS/HTS NMR magnet. The validity of the methods is verified with comparison between calculations and experiments. Also, a simple but effective analysis has been used to identify the principal source of a remanent magnetic field measured in the bore of the 700 MHz LTS/HTS NMR magnet: the Screening Current induced Field (SCF) from the 100-MHz HTS insert, comprised of 48 double pancake coils, each wound with Bi2223 tape.
, we successfully proved the key design philosophy adopted for each HTS insert at the outset of the 3-phase program is viable: 1) use of high-strength Bi2223-Ag 3-ply tape; and 2) stacked double pancake (DP) coil configuration. However, we encountered a new challenge of large harmonic errors in the LH350 magnet [1] , [2] . In Phase 2, started in 2003 and scheduled to end in 2007, the improvement of field homogeneity as well as the upgrade of the NMR frequency have been the main targets in building a new 700 MHz LTS/HTS NMR magnet (LH700) that consists of a 600 MHz LTS background magnet (L600) and a 100 MHz HTS insert (H100) [3] . In 2006, we achieved the frequency goal of 700 MHz, upgraded from its original design value of 675 MHz, and a factor-of-4 improvement of field homogeneity from 633 ppm of LH350 to 172 ppm of LH700 [4] . The half-peak bandwidth (half-width) of the NMR signal in LH700 was reduced from 9.0 kHz in LH350 to 1.9 kHz [4] . However, for practical NMR applications, the upgraded 1.9 kHz half-width and 172 ppm field homogeneity are still too large. To successfully achieve the goal of building a high resolution GHz-class LTS/HTS NMR magnet in Phase 3, we are currently devoting most of our efforts to: 1) analyze the source of harmonic errors, especially from HTS inserts; 2) develop homogeneity improvement techniques. In this paper, we describe two important methods, field map processing and NMR lineshape calculation, that we are currently using to estimate the field homogeneity after various homogeneity improvement techniques have been applied. The paper also presents the results of theoretical and experimental analyses of the Screening Currents induced Field (SCF) measured in the bore of the LH700: one of the major harmonic error sources in LTS/HTS NMR magnets, especially when tape-wound HTS inserts are used.
II. FIELD HOMOGENEITY ESTIMATION

A. Field Map Processing
Field map processing is a procedure of conversion of field values measured at an array of points in a given volume, cylindrical or spherical, into field gradients of various orders that can be used to evaluate the field homogeneity of NMR/MRI magnets. In spherical polar coordinates, the axial magnetic field, , can be expressed as shown in (1) where, , is a colatitude angle-the angle between the axis and the radius-vector , is the azimuthal angle and are associated Lengendre functions.
(1)
Although those spherical harmonic expansion coefficients, and , are sufficient to evaluate the field homogeneity of NMR/MRI magnets, field gradients are traditionally used for actual mappings and their analyses, for example, , instead of . General expressions for the mathematical conversion between harmonic coefficients and field gradients are summarized in Table I .
When field improvement techniques such as additional active and passive shim sets to mitigate harmonic errors from SCF are applied, new field gradients are derived. Then, based on the equations in Table I , harmonic coefficients in (1) can be calculated so that, with proper mapping paths defined, an arbitrary field mapping can be achieved. In this way, we can predict the 1051-8223/$25.00 © 2008 IEEE potential field homogeneity in a given volume with the accuracy determined by the order of harmonic coefficients in the analysis.
B. NMR Lineshape Analysis
It is well known that an ideal NMR peak resembles a Lorentzian lineshape, a Fourier transformed solution of the Bloch equation [5] . Fig. 1 represents a sample of the peak-normalized Lorentzian lineshape, , having 0.125 Hz natural half-width, and (2) is a corresponding equation, where and are, respectively, a peak frequency and a half-width defined in Fig. 1 . (2) Although actual NMR lineshapes depend on various conditions such as RF signal profile and chemical shift, for the engineering purpose three assumptions may be made to estimate a change of original NMR lineshapes by field improvement techniques: 1) uniformly flat RF signal; 2) no local field effects; and 3) homogeneous material density of NMR samples. Based on these assumptions, a target NMR sample volume defined in spherical coordinates is divided into small sub-volumes, in this analysis, 64 divisions in the direction, and 128 divisions each in and directions. Then, the NMR lineshape of each sub-volume is integrated over the entire sample volume to achieve the final NMR lineshape. Fig. 2 was based on the harmonic coefficients up to the 4th order with the assumption of the same mapping path. Generally, calculation agrees well with measurement; the measured and calculated field homogeneities in the given cylindrical mapping volume are respectively, 172 ppm and 170 ppm. However, as expected and indicated in the dashed box in Fig. 2 , there is still a noticeable error, especially in harmonics of orders higher than the 4th. The latter can be improved by including higher order terms into the field map processing. Fig. 3 presents computed (solid line) and measured (dashed line) NMR lineshapes at the peak frequency of 692205.7 kHz from the same 0.7 NMR probe used for the field mapping. The computed 0.11% and 0.55% peak bandwidths, that are a good indicator of the quality of the actual NMR signal and strongly depend on high order field gradients, have exhibited significant differences with the similarly located measured bandwidths. However, in terms of half-width that is sufficient to estimate the quality of NMR signals for engineering purposes, the computation agrees well with the measurement; The computed and measured half-widths are respectively 2.1 and 1.9 kHz.
C. Comparison Between Simulation and Experiment
III. SCREENING CURRENT INDUCED FIELD
A. Remanent Magnetic Field in LH700
In 2006, after the final test of the LH700 NMR magnet, we found that with both LTS and HTS magnets completely discharged but still at 4.2 K, a magnetic field of more than 200 gauss still remained in the RT bore of the LH700 [4] . The remanent field decreased as both LTS and HTS magnets were warmed up, becoming less than 80 gauss near 77 K, and completely disappeared when it was measured again after the HTS insert temperature reached around 130 K. Based on this measurement, we believed that the primary source of the remanent field could likely be the screening current induced in the H100 Bi2223 tape, not the magnetization of the reinforcement stainless steel layers in the 3-ply HTS tapes, as was initially assumed. Fig. 4 illustrates the actual test procedure of the LH700 [4] . After the final test (Map 6 in Fig. 4) was completed, the entire system was shut down; first, the HTS insert was discharged and then the LTS magnet followed. To accurately simulate an SCF of an HTS insert, it is important to know the previous history of both self and external magnetic fields into the HTS insert. However, in the actual test, the procedure was complex; both HTS and LTS magnets were fully discharged once (mark A in Fig. 4) ; charging and discharging of the HTS insert were repeated twice always followed by a tuning of the LTS magnet (mark B in Fig. 4 ). For simplicity, in the simulation presented here, it was assumed that, in spite of the previous history at the moment corresponding to mark C in Fig. 4 , the electro motive force (EMF) induced inside the HTS tape by the next discharging process of the external LTS magnet, was sufficient to determine the final distribution of the SCF, with both LTS and HTS magnets completely discharged. In other words, in this simplified simulation, induction of the SCF was considered as a simple field-cooling process where the field generated by the LTS magnet at mark C in Fig. 4 was treated as a nominal external field.
B. Simulation of SCF
To compute the screening current distribution inside the DP coil assembly, we chose a method similar to that of [6] . Fig. (5a) shows a schematic drawing of both LTS and HTS magnets and Fig. (5b) is a schematic of a single-turn HTS tape in an arbitrary DP coil of the HTS insert. Calculation of the induced current in the HTS tape follows two steps; 1) Magnetic field generated by the LTS magnet at the moment corresponding to mark C in Fig. 4 is computed with the Finite Element Method, based Fig. 4 . Test procedure of the LH700 system, i.e., the history of the self and external magnetic fields applied in the HTS insert, H100; Mark A: both LTS and HTS magnets were once fully discharged; Mark B: H100 repeatedly charged and discharged; Mark C: HTS insert finally discharged. on the configuration of Fig. (5a) ; 2) Using only the radial field component, in Fig. (5b) , that is perpendicular to the HTS tape, the penetration depth, in Fig. (5b) , is calculated on the basis of the infinite-slab critical state model, (3) . (3) where, is the critical current density of the HTS tape according to the Anderson-Kim model [7] , (4) . In this paper, and were set to, respectively, and 0.2 T, based on the Bi2223 tape specifications [3] . (4) Given that the number of DP coils in the H100 insert was 48 with each 142 turns, a total of 6816 concentric current loops were generated according to the previously mentioned simulation model for the induced screening current inside the HTS tape. With this computed current distribution, the final SCF along the axis was calculated with the Biot-Savart law. Fig. 6 compares the axial distributions of the SCF between simulation and measurement along the axis in the RT bore of the LH700; dashed and solid lines are respectively calculated and measured plots. The field measurement was performed using a Hall probe attached to the bottom of a motor-driven stick. Despite a simple model used for simulation, agreement between measurement and calculation is quite good. The two negative peaks of both simulation and measurement curves, shown in Fig. 6 correspond to the top and bottom axial ends of the HTS insert, where the radial field component of the HTS insert is maximum. On the contrary, the small SCF near the mid-plane, the recess between two positive peaks, indicates that the radial field component, the dominating source of the induced current in the HTS tape is very weak because the external LTS magnet produces a very uniform axial field in that area. The discrepancy between calculation and measurement in the vicinity of the magnet center, the important area for NMR application, shows that a more accurate simulation model is required in order to precisely consider the SCF effect on field gradients. Also, according to our previous test of the LH700 magnet, understanding of the temporal behavior of the SCF is also important in LTS/HTS NMR magnet operation. More experiments and simulations are being processed and results will be reported later.
C. Comparisons Between Simulation and Experiment
IV. CONCLUSION
To develop techniques for homogeneity improvement in LTS/HTS NMR magnets, it is necessary to estimate theoretically the potential effects of those techniques on harmonic errors. This paper describes two general methods: field map processing and NMR lineshape analysis that we are currently using to develop homogeneity improvement techniques for LTS/HTS NMR magnets such as additional active and passive shim designs to mitigate harmonic errors from SCF. The validity of the methods was verified by comparison between calculations and experiments. Also, a simple but effective calculation method was used to reveal the source of the remnant magnetic field: the Screening Current induced Field (SCF), in the bore of the 700 MHz LTS/HTS magnet.
Further studies are scheduled focusing on several issues related to the characteristics of SCF and its effect on the field homogeneity: 1) temporal stability of the SCF with or without the presence of the external magnetic field; 2) upgraded simulation method with the axial field component taken into account; 3) screening current distribution and its effect on field gradients especially when both LTS/HTS magnets are fully energized. With full understanding of the nature and mechanisms of SCF in LTS/HTS NMR magnets, together with the homogeneity evaluation technique of field mapping and NMR lineshape computations discussed here, we expect to succeed in achieving the goal of Phase 3: a high-resolution GHz-class LTS/HTS NMR magnet.
